Background: miR-3189-3p is a putative mirtron of growth differentiation factor 15 (GDF15). Results: MiR-3189-3p is down-regulated in glial tumors. Conclusion: MiR-3189-3p has tumor suppressor activities in glioblastoma cells. Significance: MiR-3189-3p has potential therapeutic properties.
Glioblastomas are deadly cancers characterized by rapid cell proliferation, high invasiveness, and resistance to radio-and chemotherapy (1) . Patients with this aggressive tumor, which accounts for nearly 50% of all adult brain tumors, have a median survival of ϳ15 months (2) . The standard treatment for glioblastoma involves invasive surgery and radiotherapy, which is often followed by chemotherapy with temolozomide (3). Because novel therapeutic treatments for glioblastoma are needed desperately, it is essential to understand the molecular mechanisms supporting growth and survival of this highly malignant and practically incurable brain tumor.
MicroRNAs are short single-stranded non-coding RNAs that regulate gene expression by incomplete base pairing with mRNAs. Alterations in microRNA expression have been associated with a variety of pathologies, including cancer. In addition to their effect on carcinogenesis, microRNAs have been investigated for their potential values in diagnosis, prognosis, and cancer therapy. In this study, we found miR-3189-3p downregulated in astrocytoma and glioblastoma clinical samples in comparison with unaffected brain tissue. Genomic sequence analysis revealed that the miR-3189 stem loop is located in the intron of the growth differentiation factor 15 (GDF15) gene. Interestingly, we have previously reported increased expression of GDF15 in the LN-229 glioblastoma cell line following the treatment with fenofibrate (4), an agonist of peroxisome proliferator-activated receptor ␣ (PPAR␣), 4 commonly used as a lipidlowering drug, which has strong antiglioblastoma properties (5, 6) . GDF15, also known as nonsteroidal anti-inflammatory drug-activated gene 1 (NAG-1) or macrophage inhibitory cytokine 1 (MIC-1), is a member of the TGF-␤ superfamily (7, 8) . The GDF15 gene is encoded by two exons that produce a precursor protein cleaved further to generate a 112-amino acid mature GDF15 peptide that is secreted into the extracellular matrix as a biologically active dimer (9) . GDF15 can be induced by anti-inflammatory drugs, cytotoxic agents, PPAR agonists, and anticancer drugs (4, 10) . Increased GDF15 mRNA expression has been reported in patients during malignant progression to glioblastomas (11) , and others have reported that expression levels of GDF15 are up-regulated in glioblastoma cells in response to cytotoxic stimuli during chemotherapy treatment (4, 12, 13) . The precursor sequence encoded by miR-3189 contains two mature microRNA sequences within the stem loop: miR-3189-3p and miR-3189-5p, 21 and 25 nucleo-tides in length, respectively. The biological function of these microRNAs has never been described. Here we show that ectopic expression of miR-3189-3p inhibited glioblastoma cell growth and migration through down-regulation of SF3B2 and p63RhoGEF, respectively. In comparison with normal brain tissue, we also found that astrocytoma and glioblastoma clinical samples have increased levels of GDF15 and decreased levels of miR-3189-3p and that these changes correlated with increased expression of SF3B2 and p63RhoGEF. Finally, the subcutaneous and intracranial growth of glioblastoma cells expressing miR-3189-3p was reduced significantly when compared with the parental control cells, further supporting the role of this microRNA as a tumor suppressor.
EXPERIMENTAL PROCEDURES
Cell Culture, Transfection, and Reagents-LN-229 and U87MG cells were obtained from the ATCC and cultured under standard growth conditions. Fenofibrate was from Sigma and was used in all experiments at a concentration of 50 M. The miR-3189-3p mirVana miRNA mimic and miR-3189-3p mirVana miRNA inhibitor (anti-miR-3189-3p) were purchased from Life Technologies. For transfection experiments, cells were seeded at a density of 4 ϫ 10 5 cells/60-mm dish or 2.5 ϫ 10 4 cells/well in 12-well plates and transfected using Lipofectamine 2000 (Life Technologies) according to the instructions of the manufacturer. SF3B2 and p63RhoGEF siRNAs and controls were purchased from Santa Cruz Biotechnology (Santa Cruz, CA) and used at a final concentration of 10 nM. Human PPAR␣ siRNA was the ON-TARGET Plus SMARTpool from Thermo Scientific Dharmacon (Lafayette, CO), and it was used at a final concentration of 100 nM. The PPAR␣ inhibitor GW 9662 was from Cayman Chemical (St. Louis, MO). Quantitative RT-PCR-Total RNA was isolated using the miRVana miRNA extraction kit (Ambion, Austin, TX). RNA was reverse-transcribed using the high-capacity cDNA reverse transcription kit for mRNAs or TaqMan assays for microRNAs (Applied Biosystems, Carlsbad, CA). Quantitative real-time PCR was performed in duplicate using a Roche LightCycler 480 real-time PCR system (Indianapolis, IN). Each sample was normalized using GAPDH or RNU6B control (⌬Ct), and the relative quantification of gene expression was calculated using the comparative Ct (2 Ϫ⌬⌬Ct ) method as described in our previous publications (14 -16) . For the clinical samples, relative quantification was represented as 1/⌬Ct to maintain real differences in Ct values between samples.
Western Blot Analysis-Cells were collected by gently scraping in the presence of PBS (Gibco, Life Technologies) followed by centrifugation and disruption of the cell pellet in lysis buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA (pH 8.4), 10% glycerol, 1% Triton X-100, 1 mM PMSF, 1 mM sodium orthovanadate (NA 3 VO 4 ), and phosphatase and protease inhibitor mixtures (Sigma). Whole-cell lysates (30 -70 g) were separated on a 4 -15% SDS-PAGE gel (Bio-Rad).
GDF15 and E2F-1 antibodies were purchased from Cell Signaling Technology (Beverly, MA). The antibody to detect p63RhoGEF was obtained from GeneTex (Irvine, CA). The GDF15 antibody was purchased from R&D Systems (Minneapolis, MN), and anti-GRB2 was from BD Transduction Laboratories (San Jose, CA). SF3B2 and 14-3-3 antibodies were obtained from Santa Cruz Biotechnology.
ELISA Assay-Mature GDF15 was detected in the cell culture medium using the GDF15 Quantikine ELISA kit from R&D Systems according to the instructions of the manufacturer. Sample absorbance was measured at 450 nm using a Bio-Rad Benchmark Plus microplate reader.
RNA-binding Protein Immunoprecipitation (RIP)-RIP assay was performed using Argonaute 2 (Ago2) antibody from Millipore (RIPAbϩAgo2 RIP). This kit includes a negative control mouse IgG antibody and control primers specific for human FOS, which were utilized for the optimization of Ago2-IP in our cellular model. The RIP Ago-IP was performed essentially as described previously (17) . In brief, 10 ϫ 10 6 LN-229 cells were used for Ago2-IP and for the IgG isotype control. 2 ϫ 10 6 cells were used for the extraction of total RNA and for total protein lysates. The cell monolayer was washed twice with cold PBS and lysed in 500 l of lysis buffer (150 mM KCl, 25 mM Tris-HCl (pH 7.4), 5 mM EDTA, 0.5% Nonidet P-40, and 5 mM DTT) supplemented with 10 mM protease inhibitor mixture, 10 mM PMSF, 10 mM phosphatase inhibitor, 10 mM Na 3 VO 4 , and 100 units/ml RNase inhibitor (Applied Biosystems). After 30 min of incubation on ice, lysates were centrifuged for 30 min at 14,000 rpm at 4°C in a microcentrifuge. 30 l of protein A/G magnetic beads (Pierce, Thermo Scientific) were washed three times with blocking solution (0.5% BSA dissolved in Dulbecco's PBSϩ/ϩ) and incubated for 1 h at 4°C with 5 g of anti-Ago2 mouse monoclonal IgG1 or with isotype IgG1 control antibodies (Millipore). The immunocomplexes were washed three times with blocking solution. Immunoprecipitations with specific lysates were carried out overnight at 4°C. Next day, the immunocomplexes were washed three times with lysis buffer supplemented with the inhibitors. Leftover IP samples before the first wash were collected to determine the efficiency of Ago2 depletion from the cellular lysate. After the last wash, immunocomplexes were resuspended in 40 l of lysis buffer, of which 20 l was used for the RNA extraction and 20 l for Western blot analysis. RNA extraction from the beads and from the leftover samples was followed by reverse transcription and quantitative real-time PCR, which were performed as described above.
Cloning of the p63RhoGEF and SF3B2 Open Reading Frames-Total RNA was isolated from LN-229 cells and reverse-transcribed to cDNA using a high-capacity cDNA reverse transcription kit containing random hexamers. The cDNA sequence corresponding to the ORF of p63RhoGEF was PCR-amplified. The primers used were as follows: forward, 5Ј-GGTGGAATTCTGCAGATATGCGGGGGGGGCACAAA; reverse, 5Ј-CCACTGTGCTGGATTTACAGCTCATCTTCA-TCCAGCTTGG. Sequences compatible with pcDNA3.1(ϩ) are underlined. Next, the pcDNA3.1(ϩ) vector was digested with EcoRV. This vector and the PCR product (above) were digested with the Klenow fragment of DNA polymerase I to generate single-stranded 3Ј overhangs compatible between the two DNA molecules. These products were annealed by incubation at incremental reducing temperatures from 95°C to 45°C using a PCR cycler (Bio-Rad). The ORF sequence corresponding to the SF3B2 gene was also cloned into the pcDNA3.1(ϩ) vector using the approach described above. The primers used were as follows: forward, 5Ј-GGTGGAATTCTGCAGATATGGCGACGGAGC-ATCCC; reverse, 5Ј-CCACTGTGCTGGATCTAAAACTTGA-ACTCCTTATATTTCTTGCTGCC. Sequences compatible with pcDNA3.1(ϩ) are underlined.
Cloning for MicroRNA Functional Analysis-The genomic sequence corresponding to the 3ЈUTR of p63RhoGEF was PCR-amplified from LN-229 cells. This PCR product was ligated into multiple cloning sites downstream of the Renilla luciferase reporter gene in the psiCHECK-2 vector (Promega, Madison, WI). This vector also contains a firefly luciferase reporter sequence that allows for normalization of transfection efficiency. The primers used were as follows: forward, 5Ј-CCG-CTCGAGCTGGTGAAAACCATGGGGGTG containing the XhoI restriction site; reverse, 5Ј-ATAAGAATGCGGCCGCG-CAGCCTCGGTGATATAACAAAACC containing the NotI restriction site. The genomic sequence corresponding to the 3ЈUTR of SF3B2 was also cloned into the psiCHECK-2 vector. The primers used were as follows: forward, 5Ј-CCGCTCGAG-TTCAA GTTTTAGGTCCCCTCAC containing the XhoI restriction site; reverse, 5Ј-ATAAGAATGCGGCCGCGGAG-GCTCAGGAGTGTTAAATATTCATCTC containing the NotI restriction site. The XhoI and NotI restriction sites are underlined.
Mutations of the miR-3189-3p putative binding sites in the p63RhoGEF and SF3B2 3ЈUTR sequences were generated using the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) using the respective psi-CHECK2/3ЈUTR plasmids as a template. The oligonucleotides for the mutagenesis of p63RhoGEF sites were as follows: site 1 forward, 5Ј-TCAGCCGCCTATTCCCCTTCCAG CTTCAG-GGCAGTCCT; site 2 forward, 5Ј-TGGAGGAGAACACCTA-GACCCTTCCACTTTTTTCTGCCCAAGGAAC; and site 3 forward, 5Ј-CCCAAGGACTTTTTTCTGCCCTTCCAACA-CAGTTTCCTTCAGCTCC. The oligonucleotides for the mutagenesis of SF3B2 sites were as follows: site 1 forward, 5Ј-GAACCACCTCTCCCGCAGTTCC CTTCCACTTGTCAT-TTCATGTTCTTATT; and site 2 forward, 5Ј-GACCTGTTT-TGTAAATAAA GCTGTTTCCCTTCCAAAGAGATGAAT-ATTTAACACT CCTGAGC. Mutated bases in the miR-3189-3p binding sites are underlined. The reverse oligonucleotide primers were complementary to the forward primers.
Dual Luciferase Assay-LN-229 cells were plated at a density of 8 ϫ 10 4 cells/well in a 12-well plate and transfected with psiCHECK-2 vector expressing the target 3ЈUTR (160 ng/well) alone, the target 3ЈUTR with the miR-3189-3p mimic (30 nM), or the target 3ЈUTR with the miRNA mimic and anti-miR-3189-3p using Lipofectamine 2000. After 24 h, cells were harvested, and lysates were assayed for luciferase activity with the Dual-Luciferase reporter assay system (Promega) using a Synergy 2 microplate reader (BioTek Instruments, Inc., Winooski, VT). Relative units of Renilla luciferase activity were normalized to the firefly luciferase internal control in each sample. Experiments were performed in duplicate.
Cell Proliferation Assay-LN-229 or U87MG cells were plated at a density of 2.5 ϫ 10 4 cells/well in a 12-well plate and transfected with mock or miR-3189-3p mimic Ϯ anti-miR-3189-3p. 72 h after transfection, cells were incubated with medium containing 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reagent (Promega) diluted according to the instructions of the manufacturer. Cells were then incubated at 37°C for 30 -60 min, and absorbance was measured at a wavelength of 490 nm using a Bio-Rad Benchmark Plus microplate reader.
Cell Cycle Analysis-Cells were collected 48 h after transfection and fixed in 70% ethanol overnight at Ϫ20°C. Cells were then centrifuged at 300 ϫ g, resuspended in 150 l of Guava cell cycle reagent (Guava Technologies, Hayward, CA), and stained for 45 min at 25°C while protected from light. Cells were counted by flow cytometry using a FACSAria (BD Biosciences) in the Comprehensive Alcohol Research Center Analytical Core Laboratory at the Louisiana State University Health Sciences Center. Cell cycle distribution was evaluated using the ModFit LT program (Verity Software House, Topsham, ME).
Scratch Assay-LN-229 or U87MG cells were transfected with miR-3189-3p and plated in a 35 mm glass bottom dish (MatTek Corporation, Ashland, MA) at a density of 1.8 ϫ 10 5 cells/dish. The scratch assay was performed by moving a pipette tip across the cell monolayer. Migration into the cell-free area was monitored for up to 24 h using live cell time-lapse imaging (VivaView FL incubator fluorescent microscope, Olympus, Center Valley, PA).
Subcutaneous Injection of Mice with LN-229/mCherry Glioblastoma Cells-Female
Fox1nu athymic nude mice at 6 -8 weeks of age (Harlan Laboratories, Inc., Indianapolis, IN) were injected subcutaneously with 2 ϫ 10 6 LN-229 glioblastoma cells stably expressing the mCherry fluorescent protein and mock-transfected, or transfected with miR-3189-3p mimic. All experiments were performed in accordance with institutional ethical guidelines.
Intracranial Injection of Mice with U87MG/luciferase Glioblastoma Cells-Intracranial implantation of mice was performed as described previously (6, 18) . Briefly, female nudeFoxn1nu athymic mice 6 -8 weeks of age (Harlan Laboratories) were anesthetized with 4% isoflurane and secured in a stereotaxic head frame (Harvard Apparatus, Holliston, MA). The tumor cells (3 ϫ 10 4 in 2 l of artificial cerebrospinal fluid) were injected into the left striatum through a burr hole in the skull using a 10-l Hamilton syringe.
In Vivo Imaging of Tumor Xenografts-In vivo growth of LN-229/mCherry and U87MG/luciferase tumors was monitored by biophotonic imaging using a Xenogen IVIS 200 system (Xenogen, Palo Alto, CA). Prior to imaging, mice bearing U87MG/luciferase tumors received an intraperitoneal injection of 100 l of D-luciferin (30 mg/ml solution) and were anesthetized by 3% isoflurane inhalation. Anesthesia was sustained at 1.5% isoflurane inside the imaging chamber using nose cones. Images were captured and quantified with Xenogen Living Image 4.1 software on the basis of equivalent regions of interest over the lower dorsal flank or cranium of the mouse. Image intensities were expressed as photon flux per second per square centimeter and steradian.
Statistical Analysis-Data are presented as mean Ϯ S.D. Comparison between two experimental groups was performed using Student's t test. One way ANOVA was used to compare three or more groups. p Յ 0.05 were considered statistically significant.
RESULTS

MiR-3189-3p Is Down-regulated in Glial Tumors and Regulates Growth and Migration of Glioblastoma Cells-Formalin-
fixed paraffin-embedded tissue samples from astrocytomas, glioblastomas, and normal brains were utilized for total RNA isolation and were subjected to quantitative real-time PCR. Fig.  1A shows significantly less miR-3189-3p levels in astrocytoma and glioblastoma tissue samples compared with controls (p Ͻ 0.05 and p Ͻ 0.001, respectively), with a trend of down-regulation that correlated with the tumor progression. We next evaluated the function of miR-3189-3p in cell growth and migration of the human glioblastoma cell lines LN-229 and U87MG. 48 h post-transfection morphology of miR-3189-3p-expressing cells was visibly altered, presenting a more polygonal shape compared with the typical spindle-shaped cells under normal growth conditions or when both miR-3189-3p and anti-miR-3189-3p were coexpressed (Fig. 1B) . In addition, the expression of miR-3189-3p resulted in a 50% reduction in cell proliferation (percent decrease in cell number over control, Fig. 1C ) accompanied by a significant, 40% reduction in S phase, as determined by cell cycle distribution analysis (Fig. 1, D and E) . No significant changes were observed when miR-3189-3p was cotransfected with anti-miR-3189-3p, and the cells expressing this inhibitor behaved essentially as the control, mock-transfected cells. Similarly, transfection with miR-3189 -5p did not elicit changes in cell morphology, nor did it inhibit cell proliferation and migration (data not shown). To minimize possible off-target effects, we repeated this set of experiments using another commercially available miR-3189-3p mimic (mission miRNA mimic, Sigma) and obtained the same results (data not shown).
Because glioblastoma cells are characterized by high migratory potentials, we evaluated the possible effects of this microRNA on cell migration using a scratch assay and by monitoring both cell locomotion and cell division using time-lapse imaging. Fig. 1F shows representative images for LN-229 cells. Although control cells populated the entire scratched area in 18 h, LN-229 cells transfected with miR-3189-3p covered only 42% of the scratched surface (Fig. 1F) in the same time. Although with decreased efficiency compared with LN-229 cells, miR-3189-3p expression also inhibited U87MG cell migration, and, after 18 h of transfection, cells covered only 62% of the available surface. Note that both decreased cell motility and decreased cell proliferation contributed to delayed invasion of the cell-free space.
SF3B2 and p63RhoGEF Are Targets of miR-3189-3p-According to microRNA gene target predictions, the splicing factor SF3B2 and the Rho guanine nucleotide exchange factor 25, ARHGEF25 (also known as p63RhoGEF) are the top targets of miR-3189-3p and were chosen for validation studies. The direct contribution of miR-3189-3p to SF3B2 and p63RhoGEF mRNA and protein levels was evaluated in miR-3189-3p-transfected LN-229 and U87MG cells by quantitative real-time PCR and Western blot analyses. In comparison with controls, nearly 5-fold and 2.5-fold lower levels of SF3B2 mRNA and p63RhoGEF mRNA were detected in miR-3189-3p-expressing cells, respectively ( Fig. 2A) . Importantly, we were able to counteract down-regulation of these two transcripts by overexpressing the anti-miR-3189-3p (miR-3189-3p inhibitor), further supporting the presence of miR-3189-3p-specific regulation. A remarkable down-regulation of SF3B2 and p63RhoGEF at the translational level was confirmed by Western blots in cells transfected with miR-3189-3p compared with control or cells cotransfected with the anti-miR-3189-3p (Fig. 2B) . Notably, the down-regulation of SF3B2 and p63RhoGEF was more pronounced in LN-229 cells, and this cell line was selected for the next experiments.
There are two putative binding sites for miR-3189-3p in the 3ЈUTR sequence of SF3B2 mRNA, one conserved (MS2) and one non-conserved (MS1) (Fig. 2C) , and their expression was tested by a luciferase-based reporter assay (Fig. 2D) . A reduction of ϳ75% of luminescence was observed in cells expressing miR-3189-3p, and, again, this inhibition was almost completely alleviated in the presence of anti-miR-3189-3p. In addition, site-directed mutagenesis of the microRNA binding sequences in the 3ЈUTR showed a slightly different, although cumulative, inhibitory activity. The conserved microRNA binding site (MS2) appeared to be slightly more effective in microRNAinduced transcript degradation because mutation of this site significantly reversed a decrease in luciferase signal (compare MS1 and MS2). As expected, mutation of both microRNA binding sequences (double mutation) abrogated inhibition by miR-3189-3p. The p63RhoGEF 3ЈUTR contains three putative binding sites for miR-3189-3p, one conserved and two nonconserved (Fig. 2E) . Similarly to SF3B2 3ЈUTR, we tested the p63RhoGEF 3ЈUTR (Fig. 2F) . Here the inhibition was also reversed efficiently, either in the presence of anti-miR-3189-3p or by mutating the three binding sequences (triple mutation) of the p63RhoGEF 3ЈUTR. Quantitatively, one of the non-conserved binding sites did not appear to be required for miR-3189-3p-induced gene regulation because mutation of this site (MS1) failed to revert the expected inhibition. Conversely, mutation of the other two microRNA binding sites (MS2 and MS3), one conserved and one non-conserved, showed a stronger and cumulative reversal of inhibition by miR-3189-3p (Fig.  2F) .
Role of SF3B2 and p63RhoGEF in the Inhibition of Cellular Proliferation and Migration Induced by miR-3189-3p-Because
SF3B2 expression is strongly down-regulated by miR-3189-3p, we hypothesized that forced expression of SF3B2 might reverse the microRNA-mediated effects on cell proliferation. The results from the growth rate analysis in Fig. 3A confirm this assumption. Moreover, we measured that constitutive expression of SF3B2 was enough to rescue cell growth to steady-state levels despite the addition of miR-3189-3p. Conversely, downregulation of SF3B2 by siRNA mimics the biological effects of miR-3189-3p expression by inducing a 55% reduction in cell growth (Fig. 3B) . When tested on a migration assay, cells in which SF3B2 was silenced behaved essentially as the control cells, indicating that SF3B2 is involved in the proliferation but not in the migration of these cells (data not shown). The impaired growth by SF3B2 is likely mediated by E2F-1, a known molecule downstream of SF3B2 that is important for cell cycle progression (19) . The Western blot in Fig. 3E shows a marked down-regulation of E2F-1 protein levels in LN-229 cells transfected with miR-3189-3p, and this effect was reversed in the presence of the anti-miR-3189-3p. Therefore, these data sug- gest that E2F-1 is a potential downstream target of miR-3189-3p/SF3B2 in coordinating delayed cell growth in our model.
Next, we evaluated the contribution of p63RhoGEF in reversing the inhibitory effects of miR-3189-3p expression on cell migration. Silencing p63RhoGEF in LN-229 resulted in a 54% (Ϯ7%) inhibition of migration (Fig. 3D) , confirming data reported previously (20) . To test the contribution of p63RhoGEF on the inhibition of migration because of miR- 3189-3p, we overexpressed p63RhoGEF in LN-229 cells. When tested using the scratch assay, p63RhoGEF-expressing cells behaved essentially similar as the control cells (transfected with pcDNA3.1 empty vector). However, transient transfection with miR-3189-3p was still capable of reducing cell migration by 60% (Fig. 3C) . Knocking down p63RhoGEF did not alter the proliferation of LN-229 cells (data not shown). Together, these results indicate that down-regulation of SF3B2 by miR-3189-3p is necessary and sufficient for the miR-mediated impairment of cell growth, whereas down-regulation of p63RhoGEF might be required, but is not sufficient, for the inhibition of migration by miR-3189-3p.
MiR-3189-3p Has Tumor Suppressor Activity in Mice-Next, we evaluated the ability of miR-3189-3p to inhibit tumor growth in vivo. LN-229 cells, bearing the pmCherry plasmid to facilitate detection of the tumor by fluorescence, were mocktransfected or transfected with a miR-3189-3p mimic. The next day, 2 ϫ 10 6 cells of either transfection were injected subcutaneously in the flank of nude mice (n ϭ 5/group). Beginning at 1 week post-injection, mice were visualized via in vivo biophotonic epifluorescence, and the mean fluorescence radiance for each tumor was collected. We found that mice bearing LN-229/ miR-3189-3p cells had a nearly 75% smaller tumors compared with LN-229/Mock (Fig. 4, A and B , p Ͻ 0.05) or with cells expressing both miR-3189-3p and its anti-miR (data not shown). The anti-tumor effect of miR-3189-3p was also confirmed in nude mice bearing U87MG glioblastoma cells (data not shown). In another experimental setting, U87MG cells bearing the luciferase gene were transfected with miR-3189-3p prior to their intracranial injection in nude mice. Tumor growth was monitored using biophotonic epifluorescence as described above. The results in Fig. 4 , C-F, show a strong inhibition of tumor growth in animals bearing the cells transfected with the microRNA at both 15 and 22 days post-injection (Fig.  4, C-F, respectively) . Indeed, more than 40 days after the control mice had died because of tumor growth, two of the animals injected with cells transfected with miR-3189-3p never developed the tumor and were still alive. Fig. 4G shows the survival data for the two groups of mice. All mice in the control group died because of the intracranial tumor growth. One mouse in the miR-3189-3p group died after 21 days without apparent signs of tumor formation. Two mice developed intracranial tumors and were sacrificed at days 31 and 36. Of note, the mouse that died after 36 days had a delay in developing the tumor, which was visible at day 29 but not at days 22 or 15 (Fig.  4E, mouse labeled with an asterisk) . The delay in tumor formation may be attributable to the loss of cells bearing the microRNA over several days combined with the presence of some untransfected cells that later took over and formed the tumor. In fact, the levels of miR-3189-3p in this tumor were comparable with the controls, indicating loss of miR-3189-3p (data not shown).
Because GDF15 and miR-3189 originate from the same transcript (Fig. 5A ) and because miR-3189-3p is down-regulated in clinical samples, we asked whether GDF15 expression would also be down-regulated in human brain tumor extracts compared with controls. The results shown in Fig. 5, B-D represent the relative expression (1/⌬Ct) of the indicated RNA species normalized using GAPDH as reference gene. Interestingly, although GDF15 was not detected by real-time PCR in normal brain tissues, its expression yielded a trend specific to tumor type with higher up-regulation in glioblastomas than in astrocytomas (Fig. 5B, p Ͻ 0.05) . These data may indicate that GDF15 and miR-3189 are differentially regulated and that conditions or treatments that affect the expression of GDF15 may not alter the expression of the microRNA. Of the two major targets of miR-3189-3p, SF3B2 and p63RhoGEF, only SF3B2 showed a statistically significant increase in expression in both astrocytomas and glioblastomas compared with the control group (p Ͻ 0.01 and p Ͻ 0.05, respectively) (Fig. 5C) , whereas p63RhoGEF mRNA expression analysis did not result in significant changes between the three groups (Fig. 5D) .
Expression of GDF15 and miR-3189-3p Is Increased after Fenofibrate Treatment-Previous reports have demonstrated that GDF15 expression is induced following treatment by a variety of chemotherapeutic agents (13, 21, 22) . In line with these findings, we have also reported that this gene is up-regulated in a microarray analysis of glioblastoma cells treated with the metabolically active anticancer compound fenofibrate (4). Fenofibrate is a potent agonist of PPAR␣, which has exceptional anticancer properties, especially in tumors of neuroectodermal origin, including glioblastoma (5, 6, 23) . To further analyze the effects of fenofibrate on this gene, we have exposed the human glioblastoma cell lines LN-229 and U87MG to 50 M fenofibrate and monitored the expression of GDF15 at the 24 and 48 h time points. Note that up to 48 h, cells treated with fenofibrate look normal, and the toxic effect of fenofibrate is still reversible upon removal of the drug. However, the effects will become irreversible and the cells will die between 48 and 72 h (6) . Following the treatment, total RNA was extracted and subjected to quantitative real-time PCR using GDF15-specific and GAPDH-specific primers. The results in Fig. 6A show a 60-and 35-fold up-regulation of GDF15 gene expression in the two cell lines. In agreement with these findings, a large increase in GDF15 protein content was detected by Western blot, and significant levels of secreted GDF15 were detected by ELISA at 48 h following fenofibrate treatment in LN-229 cells (Fig. 6, B and C, respectively). The 2-fold difference in the expression of GDF15 in the two cell lines was also reflected in the levels of miR-3189-3p because the amount of this microRNA in LN-229 was two times more than in U87MG cells (Fig. 6D) . Expression of miR-3189-5p did not change in response to fenofibrate treatment in the cell lines tested. In addition to fenofibrate, we asked whether treatment of glioblastoma cells with common chemotherapeutic agents would trigger up-regulation of GDF15 and miR-3189-3p. Fig. 6E shows the results from the quantitative PCR performed to detect GDF15 mRNA and miR-3189-3p in LN-229 cells treated for 48 h with doxorubicin (18), paclitaxel (a mitotic inhibitor), and fenofibrate for 48 h. Relative expression compared with untreated cells indicates up-regulation of miR-3189-3p only in fenofibrate-treated cells, with a 4.8-fold-increase. GDF15 mRNA was also highly up-regulated by fenofibrate (more than 60-fold). This experiment confirms the specificity of the treatment and suggests an independent regulation of expression of GDF15 and miR-3189-3p. Fenofibrate exerts its proapoptotic action in cancer cells through PPAR␣-dependent and -independent mechanisms (5, 6, 23), and, therefore, the contribution of an increased expression of miR-3189-3p to fenofibrate-mediated tumor cell toxicity could be difficult to determine. Indeed, treatment of LN-229 cells with anti-miR-3189-3p did not rescue cells from fenofibrate-induced cell death (data not shown). However, in the presence of fenofibrate miR-3189-3p is functionally associated with Ago2 complexes, as determined by RNA-IP (Fig. 7) . Although endogenous levels of Ago2 were undetectable in LN-229 cells by Western blot, it was immunoprecipitated efficiently under all conditions tested (Fig. 7A) . When compared with untreated cells, a nearly 35-fold overexpression of miR-3189-3p linked to Ago2 immunocomplexes was measured in extracts from FF-treated cells (Fig. 7B) . Finally, we asked whether the fenofibrate-mediated increase in GDF15 and miR-3189-3p was a PPAR␣-dependent event. PPAR␣ activity was inhibited at the level of receptor by a specific inhibitor, GW 9662 (6, 23) or through its down-regulation via siRNAs. Total RNA was extracted 48 h after the treatment/transfection, and levels of GDF15 and miR-3189-3p were determined by quantitative PCRs. The results shown in Fig. 7 , C and D, indicate no significant impact of either compound on the levels of GDF15 and miR-3189-3p because their expression triggered by fenofibrate was comparable with the controls. Although miR-3189-3p expression showed a reproducible, moderate reduction in both experiments, this difference was not statistically significant. Efficacy of the siRNA to down-regulate PPAR␣ was determined by RT-PCR and is included in Fig. 7D .
DISCUSSION
MiR-3189 has been identified previously as a possible mirtron expressed in melanoma (24) , and an inhibitory effect of miR-3189 -5p on TGF␤R2 has been hypothesized (25) , but a function for miR-3189-3p or miR-3189 -5p has not been validated experimentally. Mirtrons are microRNAs encoded within introns, and their biogenesis follows a non-canonical, Drosha/DGCR8-independent pathway that relies on mRNA splicing and on RNA lariats debranching enzymes (reviewed in Ref. 26) . Differently from canonical pre-microRNA stem loops, microRNAs generated from the 3Ј (-3p) of the mirtron hairpin appear to be more stable than those generated from the 5Ј (-5p) (27) . This may explain why, in our experiments, even when miR-3189 -5p expression was induced slightly and variably by mitogenic stimuli (10% FBS), this microRNA was not detected in the Ago2-immunoprecipitated complex (data not shown).
Overexpression of miR-3189-3p in LN-229 and U87MG cells resulted in morphological changes accompanied by attenuation of cell proliferation and migration (Fig. 1) . Indeed, the antiproliferative effect miR-3189-3p prevented the generation of stable cell lines expressing this microRNA (data not shown). MicroRNA gene target prediction databases indicate the splicing factor SF3B2 and the Rho guanine nucleotide exchange factor p63RhoGEF as the top putative targets. Given their vali- dated role in proliferation and migration (see below), we sought to investigate their role in the biological effects of miR-3189-3p. Overexpression of miR-3189-3p in LN-229 and U87MG cells resulted in down-regulation of SF3B2 and p63RhoGEF mRNAs ( Fig. 2A) and proteins (Fig. 2B) . Although the down-regulation of SF3B2 and p63RhoGEF mRNAs was comparable in the two cell lines, it was stronger at the level of proteins in LN-229 cells. This may suggest a different mechanism of posttranscriptional regulation for these proteins in the two types of cells tested. Nevertheless, expression of miR-3189-3p had a strong biological effect on both LN-229 and U87MG cells, impairing their migration and growth. These effects have been shown to be mediated through down-regulation of p63RhoGEF and SF3B2, respectively. With respect to p63RhoGEF, previous reports have also shown a role for this protein in cell migration (28, 29) . Specifically, Hayashi et al. (20) demonstrated that the expression of p63RhoGEF is essential for lamellipodial polarization during serum-induced chemotaxis. Our findings are in agreement with a role for p63RhoGEF in cell motility because siRNA against p63RhoGEF impaired migration of LN-229 cells (Fig.  3D) . Our results showing the inhibitory effect of miR-3189-3p on p63RhoGEF-overexpressing cells (Fig. 3C) demonstrate that inhibition of cell migration by miR-3189-3p is only partially due to the down-regulation of p63RhoGEF. Such a result may not be surprising because other members of the RhoA family of guanine nucleotide exchange factors, such as SLIT-ROBO Rho GTPase-activating protein 2 (SRGAP2) and Rho guanine nucleotide exchange factor (GEF) 12 (ARCHGEF12) are other putative targets of miR-3189-3p and may equally contribute to the impaired cell migration by miR-3189-3p. Likewise, the striking change in cellular morphology upon expression of miR-3189-3p might be the result of this microRNA targeting multiple genes involved in cytoskeletal remodeling.
It has been reported that the expression of the transcription factor E2F-1 is dependent on the presence of SF3B2 in the cell (19) . Furthermore, E2F-1 has been shown to be a master regulator of cell cycle progression (30, 31) . Therefore, it is not surprising that SF3B2 down-regulation by miR-3189-3p in glioblastoma delayed cell growth. In our studies, this effect has been shown to be dependent on SF3B2 because overexpression of this gene in the presence of miR-3189-3p restored the proliferative capacity of LN-229 cells (Fig. 3A) . The antiproliferative activity of miR-3189-3p was also demonstrated in vivo in nude mice bearing subcutaneous LN-229/mCherry (Fig. 4, A and B) or U87MG/luciferase tumors (data not shown). Even more impressive were the results obtained with intracranial injection of U87MG/luciferase cells treated previously with vehicle or miR-3189-3p (Figs 4, C and E) . Further in vivo experiments should clarify whether miR-3189-3p, besides preventing tumor growth, could also have a therapeutic effect by reducing tumor size.
When we analyzed the genomic sequence of miR-3189-3p and found that it was located in the intron of GDF15, we thought that this microRNA could be coexpressed and could have been involved in the activity of GDF15. In fact, our data indicate that these two molecules are regulated differentially in various experimental and clinical settings. Our analysis of clinical samples indicates that GDF15 is undetectable in control brain tissues and up-regulated in gliomas, whereas miR-3189-3p is present in normal brain tissue and down-regulated in gliomas (Figs. 5B and 1A, respectively) . Experimentally, we serum-starved LN-229 cells and then stimulated them with 10% FBS or EGF (50 ng/ml) for various times and, surprisingly, found that FBS treatment down-regulated GDF15 and up-regulated miR-3189-3p and miR-3189 -5p, whereas EGF up-regulated GDF15 and did not significantly change the expression of either microRNAs (data not shown). Further work is needed to clarify the posttranscriptional events that lead to the differential expression of those coencoded molecules.
Cytotoxic agents such as etoposide and doxorubicin have been shown to increase GDF15 expression (7) . However, in our experimental setting, among doxorubicin, paclitaxel, and fenofibrate, only the latter was able to increase both GDF15 and miR-3189-3p expression (Fig. 6E) . It is likely that the discrepancy of our results with previous work is due to the type of cells utilized. Indeed, fenofibrate treatment triggered two times more GDF15 and miR-3189-3p expression in LN-229 than in U87MG cells, suggesting a variability in the responses within the same type of tumor cells. Furthermore, we observed that, at least in LN-229 cells, although fenofibrate treatment always induced expression of GDF15, such an expression ranged between 5-and 6-fold to 60-fold (compare Figs. 6, A and E, and 7, C and D) within 48 h treatment, whereas the range of miR-3189-3p expression was consistently between 2.5 and 5. Again, this discrepancy may indicate that expression of GDF15 and miR-189-3p is regulated independently and that expression of GDF15 likely follows a Gaussian curve with the peak in a dynamic range. A detailed time course monitoring of GDF15 levels up to 72 h (or until cells detach and die) after fenofibrate treatment should clarify its dynamic range of expression.
Overexpression of GDF15 protein or treatment of LN-229 cells with its soluble version did not elicit any morphological or biological effects in LN-229 cells in vitro (data not shown). Similarly, anti-miR-3189-3p did not protect fenofibrate-treated cells from apoptosis, indicating that up-regulation of miR-3189-3p is not required for fenofibrate-mediated cell death. Given the broad range of anticancer effects triggered by fenofibrate (5, 6, 22, 23, 32, 33) and the activity of a single microRNA, it is not surprising that miR-3189-3p is not contributing to the massive cell death mediated by fenofibrate. The microRNA itself seems to have a cytostatic rather than cytotoxic effect on the cells (Fig. 1) . Treatment of glioblastoma cells with fenofibrate results in massive cell death that occurs between 48 and 72 h post-treatment and involves PPAR␣-dependent and -independent mechanisms (5, 6, 22, 23, 32, 33 ). Up to 48 h posttreatment cells appear normal in morphology, although they are still suffering from mitochondrial dysfunction and metabolic crisis (6) . Increased expression of GDF15 and/or miR-3189-3p appears to be a PPAR␣-independent event (Fig. 7, C  and D) and could be the result of mitochondrial stress and, similar as induction of autophagy (6) , it may reflect an attempt by the cells to counteract the toxic effects of fenofibrate. However, the fact that miR-3189-3p is highly incorporated into the Ago2 complex (Fig. 7) indicates that it is functionally active in this context. One could hypothesize that the effect of miR-3189-3p on its targets may augment a parallel, irreversible action (perhaps transcriptional) on the same targets exerted by fenofibrate through microRNA-independent mechanisms. Although further investigation may help to clarify those points, the tumor suppressor activity in vitro and in vivo of an overexpressed miR-3189-3p remains an important result from this study that could be exploited further as a potential therapy for this devastating cancer.
